The relationship between pulmonary function and the migration of meconium to distal airways was determined in 10 rabbits (mean weight 2.6 kg) after insumation of a meconium-saline mixture (1-2 ml/kg). Animals were anesthetized, cannulated, intubated, and mechanically ventilated with 100% oxygen. Lung mechanical dysfunction was most severe during the early phase of meconium migration, 15 min postinsumation. Substantial increases in inspiratory lung resistance (RI) and expiratory lung resistance (RE) suggest that the site of obstruction at 15 min was the large airways. A decrease in dynamic lung compliance with unchanged static compliance characterizes the obstruction as partial. At 15 min and thro&hout the migration process, RE was greater than RI, demonstrating a check-valve effect. This phenomenon was substantiated by an increased functional residual capacity (FRC) in all rabbits, presumably due to gas trapping. Secondary to these changes, marked hypoxemia, hypercapnea, and acidosis developed in spite of assisted ventilation with 100% oxygen. At 60 and 120 min postinsufflation, both RI and RE decreased as compared to 15 min. This suggests that the predominant site of obstruction shifted to medium and small airways concomitant with the migration of meconium. Widespread and uneven distribution of meconium still produced significant frequency dependence of lung compliance. Static compliance remained unchanged, indicating that meconium !nnsylvania, USA ing the pathologic process of meconium aspiration have been conducted (I, 10, 11, 19, 21,22). Results have shown that whereas the irritating action of meconium on the pulmonary parenchyma might initiate a chemical or bacterial pneumonitis (4, 21), the importance of inflammation with regard to severe respiratory dysfunction may not be great (1 1). Rather, mechanical airway obstruction by particles of meconium has been shown to play the most important role in the early pathophysiology of MAS (21).
Summary
The relationship between pulmonary function and the migration of meconium to distal airways was determined in 10 rabbits (mean weight 2.6 kg) after insumation of a meconium-saline mixture (1-2 ml/kg). Animals were anesthetized, cannulated, intubated, and mechanically ventilated with 100% oxygen. Lung mechanical dysfunction was most severe during the early phase of meconium migration, 15 min postinsumation. Substantial increases in inspiratory lung resistance (RI) and expiratory lung resistance (RE) suggest that the site of obstruction at 15 min was the large airways. A decrease in dynamic lung compliance with unchanged static compliance characterizes the obstruction as partial. At 15 min and thro&hout the migration process, RE was greater than RI, demonstrating a check-valve effect. This phenomenon was substantiated by an increased functional residual capacity (FRC) in all rabbits, presumably due to gas trapping. Secondary to these changes, marked hypoxemia, hypercapnea, and acidosis developed in spite of assisted ventilation with 100% oxygen. At 60 and 120 min postinsufflation, both RI and RE decreased as compared to 15 min. This suggests that the predominant site of obstruction shifted to medium and small airways concomitant with the migration of meconium. Widespread and uneven distribution of meconium still produced significant frequency dependence of lung compliance. Static compliance remained unchanged, indicating that meconium !nnsylvania, USA ing the pathologic process of meconium aspiration have been conducted (I, 10, 11, 19, 21, 22) . Results have shown that whereas the irritating action of meconium on the pulmonary parenchyma might initiate a chemical or bacterial pneumonitis (4, 21) , the importance of inflammation with regard to severe respiratory dysfunction may not be great (1 1). Rather, mechanical airway obstruction by particles of meconium has been shown to play the most important role in the early pathophysiology of MAS (21) .
Evidence for obstruction and migration of meconium has been supported by roentgenographic methods, where Gooding et a/. (10) demonstrated that tantalum-labeled meconium was cleared from the trachea and mainstem bronchi within 1 hr and migrated progressively into the lung periphery with breathing. Whereas physiologic effects of obstruction on lung function have been studied (2, 8, 12, 15, 24) , little data are available on pulmonary mechanics in animals or infants with acute meconium obstruction. Because of the migration properties of meconium, the physiologic resnonse of obstructive ~henomena in general cannot be extrapo l i e d to the pathophysi~logy of p u l m o~r y function in meconium aspiration. The purpose of this study is to determine the sequential physiologic efficts bf acute meconium obstruction on pulmonary function as they vary with the migration of meconium to the distal airways. Such data will provide further insight into the pathophysiology and respiratory management of infants with MAS.
does not affect surface-active or tissue propries of the lung within 120 min postinsumation. These data suggest that effective MATERIALS AND METHODS respiratory management after meconium aspiration is dependent Sixteen young adult rabbits having a mean body weight of 2.6 on the of meconium migration, as reflected by pulmonary kg (range 1.8-3.1 kg) were studied. Anesthesia (ip) was induced mechanics.
with sodium pentobarbital (30 mg/kg) and supplementary doses were given as needed. After the animal was secured in the supine position, an endotracheal tube (Air Shields, 4 mm ID) was inserted Speculation through a tracheostomy with its tip proximal to the carina. The Significant effects of meconium aspiration on lung function are carotid artery was catheterized to a depth of 5-8 cm with a French attributable to migrating obstructive phenomena, which result in no. 3.5 polyvinyl chloride catheter. Succinylcholine chloride a more severe lung dysfunction in earlier stages postinsuftlation of (Anectine 2 mg/kg) was administered iv. Supplementary doses meconium than in progressively later stages. ~t is appealing to were required at one-half hr intervals. The tracheal tube was speculate that noninvasive pulmonary function measurements connected to a volume controlled piston Pump (Haward small made in newborn infants may quantitate the degree of mechanical animal respirator). Tidal volume and Pump frequency were adobstruction and meconium migration in the airways. hi^ infor-justed to maintain an arterial carbon dioxide tension and pH with mation would provide guidelines for effective respiratory manage-the range of spontaneous breathing values, and, thereafter* rement of infants with meconium aspiration syndrome (MAS). Based mained constant through the experiments. The inspired oxygen on the present animal model, elevated oxygen therapy should be concentration was maintained at 100% throughout the experiment. employed early to offset the severe hwxemia. In addition, the Once arterial blood gases Were stabilized, repeated IlleaSUrementS check-valve effect (RE > RI) indicates the use of a low I/E ratio of pulmonary mechanics were made during a 30-to 60-min period in assisted ventilation. It has been shown that continuous positive to establish a baseline control. airway pressure improves arterial oxygen tension in some newMeconium was collected from a healthy newborn, and a 25% borns with MAS. However, in light of the mechanical dysfunction meconium-75% saline mixture (1-2 ml/kg; pH = 7.0) was insufresulting in an increased FRC, caution is in the use flated twice with a 5-min interval through the endotracheal tube. of end distending pressure within 2 hr after meconium aspiration. Pulmonary mechanics, arterial blood gases, and PH were measured at 15, 60, and 120 min postinsufllation. Animals were killed and gross lung sections were examined postmortem for meconium.
The aspiration of meconium in the perinatal period has been Statistical differences in arterial blood gases and pulmonary meshown to produce various degrees of respiratory distress. To date, chanics pre-and postinsufllation were evaluated by the paired chemical, histologic, and roentgenographic investigations regard-Student's t test.
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Arterial blood gas tensions (Pa02 and PaC02) and pH were determined on I ml samples drawn from the carotid artery after 2 ml had been withdrawn to clear out the catheter. These 2 ml were reinfused followed by 1 ml of heparinked saline solution. Analysis was conducted using a Radiometer amplifier and cuvettes with membrane covered oxygen and carbon dioxide electrodes, and a capillary glass electrode for pH.
Mechanics of breathing were studied by simultaneously monitoring transpulmonary piessure, inspiratdry and expiratory flow rates, and tidal volume on a polygraph recorder (Grass Model 7) and a vector scope (Electronics for Medicine, DR-8). Intraesophageal pressure was measured with an esophageal balloon 2.5 cm in length and 3.0 mm in diameter. After the balloon was filled with 0.5 ml of air, it was positioned in approximately the lower third of the esophagus. The esophageal catheter was protected at the mouth with a polyvinyl 200 tube. As shown in Figure 1 , the esophageal catheter was connected to one side of a Statham PM 131 TC differential strain gauge transducer with a low volume adapter inserted at the inlet. The tracheal pressure was transmitted by connecting the other side of the same transducer gauge to the side tap of the tracheal tube. The recorded signal represented an estimate of transpulmonary pressure. Air flow was measured with a Fleisch #O pneumotachograph connected to a Statham PM 283 TC differential strain gauge pressure transducer of low volume displacement. Tidal volume was determined by electronic integration of the signal from the pneumotachograph. The transducer, pneumotachograph, and esophageal balloon system were tested for transient response and did not introduce phase lag or damping in the frequency range encountered (0.1-4.0 Hz). FRC was determined by a modified closed-circuit helium dilution technique (14, 21 ). An electrically operated fast closing valve (closure time within 3 msec) sequenced by a relay was used. When the valve was energized, the endotracheal tube connection was switched from the mechanical ventilator to a rebreathing bag operated manually. Dead space of the system, including the endotracheal tube and valve was 8.4 ml.
Values of respiratory rate were ascertained directly from the polygraph record and lung compliance was determined graphically by the method of Neergaard and Wirz (17) . Lung resistance was computed by dividing the difference in transpulmonary pressure at midvolume points during inspiration and expiration by the algebraic difference in airflow at those instants. Each resistance and compliance determination was based on the average of at least three breaths. Measurements of dynamic lung compliance and resistance were also made on the vector scope (16) . Instrument calibrations were adjusted such that the slope of the pressure-flow or pressure-volume curves could be read between 10.5-78.5 degrees. It was found that the measurement error in determining lung compliance or resistance is less than 10% provided the slope falls within this range (13) . A constant tidal volume and frequency history preceded all measurements. Dynamic compliance was calculated and averaged over five breaths using the vector scope method as described above. Quasi-static pressure-volume measurements above FRC were made during both inflation and deflation at 15 and 120 min postinsufflation of meconium. The change in transpulmonary pressure was measured on the polygraph recorder during constant flow infusion and withdrawal of 80 ml of air in 20 ml increments. Due to the time limitations associated with an in vivo preparation, a maximum of 20 sec was permitted for pressure equilibration at each lung volume. The pneumotachograph was placed in the ventilatory circuit only during the pulmonary mechanics measurements to minimize dead space.
RESULTS
Of the 16 rabbits studied, seven died after insumation of meconium, six of which did so before measurements were obtained. Table 1 summarizes weight, pulmonary mechanics, and blood gas control values for 10 rabbits. Values for individual animals are presented along with group mean values * SEM. AS shown, the SEM in lung mechanics and arterial blood gases demonstrates a small variation among the animals.
Ventilation was achieved with a tidal volume ranging from 25-30 ml and respiratory rates from 25-30 breaths/min. Mean SEM values of PaOz, PaC02, and pH at FI02 = 1.0 and constant ventilation history are presented before (control) and 15, 60, and 120 min after insumation of meconium in Figure 2 . As expected. all animals displayed severe hypoxemia (PaOz = 65 f 6 SEM mm Hg; P c 0.005) at 15 min postinsumation as compared to the control (PaO2 = 497 f 9 SEM mm Hg). At 60 and 120 min, an increasing trend of PaOz was observed; however, Paon remained significantly below the control level. As shown in Figure 2 , all animals demonstrated persistent COZ retension and respiratory acidosis for 2 hr after meconium insumation. Alterations in dynamic lung compliafice (CL), specific lung compliance, and FRC after meconium insumation are illustrated in Figure 3 . As shown at 15 min, CL = 0.43 + 0.07 SEM ml/cm H20/kg was 34% of control and remained significantly lower through 120 min postinsumation. Likewise, speckc lung compliance remained sienificantlv decreased (P < 0.005) from the control level. FRC incr&sed 37%'(~ < 0.005)'at 15 min' postinsumation, progressively increasing to a maximum value (FRC = 68.3 f 1 1.1 SEM ml/kg) at 2 hr as compared to the control level (37.7 f 3.8 SEM ml/kg).
A comparison of typical quasi-static pressure-volume (P-V) curves at 15 and 120 min postinsumation is presented in Figure  4 . In the upper panel, at 15 min postinsumation, values for static compliance (slope of the deflation limb) were the same as control.
I
As shown, the slope of the inflation limb was decreased, indicating incomplete pressure equilibration at each lung volume. At 120 min, the slope of the quasi-static pressure-volume curve was virtually identical to that of the wntrol curve, demonstrating that I the static compliance remained unchanged. Furthermore, the increase in the slope of the inflation limb towards control suggests more complete pressure equilibration at this time. Figure 5 shows the mean f SEM changes in Rl and RE before and after meconium was insumated. RE was significantly greater ( P < 0.005) than control at all times postinsumation, and a maximum response was observed at 15 min (RE = 76.0 f 9.9 SEM cm H 2 0 . sec/liter/kg). RI, however, was greater (P < 0.05) than control only at 60 min, and at all times postinsumation less (P < 0.005) than RE. Inspection suggests that postinsumation changes in Rr closely paralleled changes in RE with time; however, no statistical correlation was found since variation in resistance values among the animals was great.
Postmortem gross examination revealed meconium throughout the large and small airways, as far distal as 0.2 mm segments for all rabbits. It is noteworthy that this observation includes one rabbit who died 20 min after mewnium insumation. All lungs appeared friable and hemorrhagic, and blebs were found in the lungs of two rabbits. At 2 hr, no evidence of pneumothorax was observed, and only one rabbit appeared to have lobar atelectasis.
DISCUSSION
This study demonstrates sequential alterations in pulmonary function in rabbits after insumation of a meconium-saline mixture. These functional changes in lung mechanics quantitate the previous roentgenographic observations of meconium migration to peripheral airways in infants (19) and experimental models (10) .
In all rabbits studied, lung dysfunction was most severe during the early phase of meconium migration, 15 min postinsumation. Meconium induced obstruction was evidenced primarily by the large increase in RI (266%) and RE (431%). As previously demonstrated in airway obstruction models using beads (2), these substantial increases in lung resistance suggest that the site of obstruction is the large airways. This does not rule out the possi-
IS MIN POSTINSUFFLATION
airway expands during inspiration, air passes around the meconium plugs and enters the alveoli. However, as the airway collapses --CONTROL around the obstruction during expiration, air remains trapped
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distally. The observed increase in FRC in rabbits, presumably due to gas trapping, further substantiates a check-valve phenomenon. This increased FRC is in agreement with the experimental findings of Tyler et al. (22) . Clinically, radiographic findings of a characteristic hyperexpanded chest with flattening of the diaphragm (19, 23) and histologic evidence of emphysema (1) also support the suggestion that trapping occurs in MAS.
Dynamic lung compliance decreased to 34% of control value, and showed little improvement throughout the experiment. Be- for the observed changes in lung mechanics during the early stages of meconium migration. Secondary to these changes, marked bility of significant obstruction in the small airways at this early time interval. Because peripheral airway resistance is only a small part of total lung resistance, even considerable obstruction in these areas would have little effect on RI and RE. The obstruction as observed by physiologic alterations in pulmonary resistance indicates the existence of physical obstruction; however, it is also possible that these alterations include a reactive component of the airways to meconium. In addition, the experimental data of this study are consistent with those of Gooding et al. (10) who, at postmortem, noted tenacious meconium plugs in the trachea and mainstem bronchi of newborn puppies which had succumbed rapidly to meconium aspiration. At 15 min and throughout the migration process, RE was greater than Rr demonstrating a check-valve (ball-valve) effect. As the . . predeiermined constant dosage per kg, variation was reduced enabling the com~arison of obstructive effects of meconium on pulmonky mechanics as they vary with time. The possibility of chemical and bacterial effects, which have been shown to be insignificant within 6-10 hr after aspiration of meconium (1 1, 22) were eliminated by conducting the study over a 2-hr period. Further complications of pneumonitis due to the hyperosmolarity and alkalinity of amniotic fluid were reduced by insumating meconium in an isotonic saline solution. Saline aspiration in itself has been shown to cause little damage (5) . To simplify the complex newborn situation of transitional circulations and general pulmonary instability, adult animals were chosen. Generally, MAS newborns are term or postterm and have fully developed lungs comparable to the adult rabbit in dimension, weight, and volume. Therefore, the sequence of obstructive events elicited in this model may closely reflect that of the human newborn. In addition, the adult model has been used previously rather than the newborn to investigate the effects of meconium aspiration (22) .
